Cycling reliability is crucial for Si-based materials due to severe volume change during cycles that results in the fast capacity fading. Though the binder only occupies a very low amount of the total mass of anodes, it is proved to perform a key parameter to improve the cycle performance of Si-based anodes. Because they are eco-friendly and cost saving, water-based binders styrene-butadiene rubber (SBR) and carboxymethyl cellulose (CMC) are regarded as the better binder to substitute Poly (vinylidene difluoride) (PVDF) as the binder for Si-based anode. In this study, the anodes are fabricated by simply mixing the active materials (naso Si, graphite and conductive additive) together and using the mixture of SBR and CMC as a binder. The results showed that the retention capacities of the anodes are more than 440 mAh/g after 400 cycles. It indicates that it is an easy and simple way to make high performance anodes.
Introduction
Lithium-ion batteries (LIBs) are currently being developed to power an increasingly diverse range of applications, from portable devices, such as cell phones, laptop computers, and MP3 players, to large scale equipment, including electric vehicles (EVs) and energy-storage systems (ESSs) [1] [2] [3] . A large amount of research has focused on the development of high-capacity active materials to enhance the energy density and performance of the next generation of LIBs. In particular, silicon (Si) is theoretically expected to have 10 times higher capacity (ca. 4200 mAh/g) than that of the current graphite anode (ca. 370 mAh/g) [4] [5] [6] [7] [8] . However, the practical applications of silicon have been hindered due to severe volume change during repetitive lithiation and delithiation cycles that results in the loss of electrical contact and the fast capacity fading [9, 10] . In order to solve the volume change problem, researchers have developed nanostructured Si-based anode materials and composite materials [11] [12] [13] [14] . These Si-based materials show excellent electrochemical performance. However, their complicated preparation technologies may cause high cost and be difficult for large scale production. Another approach is to develop better polymer binders, which play a crucial role to accommodate the volume change of silicon materials though they only account for a small percentage of mass loading in the electrode matrix [15] . Conventionally, poly (vinylidene difluoride) (PVDF) binder is widely used for Li-ion cells due to its good electrochemical stability and binding capability. However, the process using PVDF normally requires the usage of organic solvents like N-methyl-2-pyrrolidone (NMP), which is potentially hazardous and not cost efficient [15, 16] . Therefore, it will be beneficial to develop binders that can be processed with less toxic, or even non-toxic solvents. Recently, it was reported that water-based binder such as styrene-butadiene rubber (SBR) and carboxymethyl cellulose (CMC) effectively improves the cycling stability of silicon electrode [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . According to a previous report by Hochgatterer et al. [21] , the formation of a covalent chemical bond between the CMC and silicon particle plays an important role in the effective binding and improved performance. Buqa et al. [17] and Liu et al. [25] found that the capacity retention of Si was significantly improved by using styrene butadiene rubber (SBR) and sodium carboxymethyl cellulose (CMC) as binders. The authors noted that the addition of SBR helps to enhance the elasticity of the laminate since CMC is extremely brittle. Li et.al [20] , however, showed that the Si with only CMC binder has better performance than either the SBR and CMC mixture or conventional PVDF binder. Because the SBR mixture binder show a greater adhesion strength and larger breakage elongation, it can stick to the particles and current collector to withstand a greater stress before de-bonding and to tolerate a greater extent of volume expansion with reversibility. All of these considerations point to improved cycle life. Dimov et al. [27] reported that SBR and CMC content are the most influential parameters for the improved cycle life of Si/C electrodes. It is clear that CMC × SBR has a favorable influence on the cycle life probably due to the increased strength of the electrode film.
In this study, Si and graphite are used as the active material through solid mixing, while water-based SBR and CMC are used as the binder to make high performance anodes. The procedure is easy to follow and avoids the usage of organic solvents, with water as the only media in the battery fabrication process, which is environmental friendly and cost saving. 
Slurry and electrode casting
Graphite, silicon particles and conductive black were first mixed and milled in an agate mortar for 15 minutes. Then the CMC solution was added and milled for another 15 minutes. Finally, SBR emulsion and deionized water were added to the mixture and milled for 15 minutes. The mixture slurry was casted into thin film on copper foil by a 150 µm thick blade. The films were first dried in room temperature for 3 h and then further dried at 60 ℃ under 10 -2 Torr pressure for 24 h. The electrodes were compressed to around 40 µm thick using a rolling mill.
Coin cell fabrication and testing
The electrodes were fabricated into standard 2325 coin cells with lithium film as counter electrodes done in an argon-filled glove box. A mixture of 70% 1.2 M LiPF 6 in EC: DEC (3:7 weight ratio) and 30 % FEC was added as electrolyte. The coin cell performance was evaluated in a thermal chamber at 30℃ with a Maccor Battery Test System. Cycling procedure includes two formation cycles of C/25, followed by C/10 or C/3 cycles.
3. Results and discussion. Figure 1 shows the cycling performance of anodes made with different ratio of CMC and SBR as the binder under C/10 (1C=1 mA/g). The formulation of the anodes was CGP-G8 (Graphite)/Si (microsize)/C45/binder =73/15/2/10 (w.t. %). While the total mass of binder accounts for 10% of the electrode mass, the ratio of CMC and JSR1 ranged from 0/10 to 10/0. The results of the electrode made with 0/10 ratio of CMC and SBR are not showed in the figure because of failed electrode thin film coating on the copper foil. All the electrodes show fast capacity fading in the first 20 cycles and then slow down. The results indicate that as the ratio of CMC in the binder increases, the cycling performance of the electrodes increases at first, and then drops when further increases the ratio of CMC. Overall, the electrode made with CMC/JSR1 = 4/6 shows the best performance, indicating that the optimized ratio of CMC and SBR occurs at around 4/6. It is probably due to that a balance need to be reached between the adhesion force, which is provided by the CMC, and the elasticity, which is provided by the SBR, to improve the reversible capacity of Si containing materials during cycling [17, 25] . The peel test results ( Figure 2) show that all the electrodes show strong adhesion force, indicating the combination of CMC and SBR can adhesively bind the Si and graphite materials together in the electrode integrity, which is crucial to improve the cycling stability. The size of silicon particle plays an important role in the cycling stability of anodes. [22] [23] [24] [28] [29] [30] [31] In order to investigate the size effect of silicon, two types of silicon, micro-sized and nano-sized, are fabricated into electrodes for electrochemical study. To simplify the electrode design, only CMC is used as the binder. The cycle performance testing is under C/10 (1C=1 mA/g). As shown in Figure 3 , though the 1 st cycle specific capacity is close to 800 mAh/g, the micro-sized Si shows a fast capacity decay with limited capacity retention after 80 cycles at around 150 mAh/g. In comparison, the nano-sized Si shows similar 1 st cycle capacities at about 750 mAh/g and stabilizes after 15 cycles at about 500 mAh/g, which is retained even after 80 cycles. The nano-sized Si shows better capacity retention, probably due to that it enables higher intercalation/deintercalation rates, and the volume change can be buffered after downsizing the Si particles to nano-size [15] . 0 0.5 
The optimized ratio of CMC and SBR

G8 magE
Two kinds of graphite (CGP-G8 and magE) were used to investigate the effect of graphite on the cycle performance of anode. CGP-G8 is composite graphite which was chose as baseline graphite for BATT program [32] and magE is artificial graphite with many internal pores. The cycle performance of the anodes with different graphite under C/10 (1C=1 mA/g) is illustrated in Figure 4 . It can be seen that the 1 st cycle specific capacities of the anodes made from CGP-G8 and magE are 749.8 and 813.7 mAh/g, respectively. Both electrodes experience an initial decay of performance in the first 20 cycles to reach a dip and then recover. The stabilized capacity for the electrode using CGP-G8 graphite is around 500 mAh/g while that for the magE is around 700 mAh/g. It indicates that using magE can achieve better cycle performance related to the different properties of CGP-G8 and magE.
3.4 The cycle of performance of Si/C composite anode using CMC and different SBR binder (or selection of different SBR binders) Buqa et al [17] reported that as low as 1-2% of SBR mixed with 1-2% Na-CMC as a binder is sufficient to assure a good electrochemical performance of nano-silicon/graphite electrodes. It is consistent with the results shown in Figure 1 , which indicates that the optimized ratio of CMC and SBR is around 4/6. Keeping this ratio and using magE graphite and nano-sized Si as the active materials, it is able to test the performance of different types of SBR emulsions available, which could be different in composition thus the properties. Three types of SBR emulsions, JSR1, JSR2 and JSR3 are studied and the results are shown in Figure 5 and Figure 6 . The peel test results are showed in Figure 7 . The three electrodes show similar cycling trend with 1 st cycle specific capacities between 610 to 680 mAh/g and the 1 st cycle coulombic efficiency are all higher than 88%, comparable to pure graphite anodes [32] . After initial decay in the first 20 cycles, the three electrodes are able to cycle stably for 400 cycles, when the capacities are still retained at more than 500 mAh/g and the coulombic efficiency reaches 99.5%. Overall, the electrode with JSR2 shows slightly lower capacity than that of JSR1 and JSR3, which may be explained by its lowest adhesion force among the three electrodes, as indicated in Figure 7 . It can be seen (Figure 8 , a and b) that before cycling the surface of the electrode is smooth and tidy, and the active particles are firmly combined. There are many conductive particles distributed on the surface of active particles and the surface of the active particles is smooth and the edge is sharp before cycling (Figure 8, c) . However, there are many cracks on the surface of the electrode (Figure 8, d ) and there are gaps between active particles (Figure 8 , e) after cycling. There are much less conductive particles on the active particles and the surface of the active particles is rough and the edge of the active particles is fuzzy after cycling (Figure 8 , f). All these features may make the conductive of the anode worse, which maybe is one of the main factors that cause the specific capacity fade.
Conclusion
The binder material is one of the most crucial electrode components for improved cell performance [15] . In this paper, we studied the effects of binders on the cycle performance of the anodes. The results indicate that using a combination of CMC and SBR can achieve better cycle performance than only using CMC as a binder. The optimized ratio of CMC and SBR is 4/6 and 6/4. We also found that decreasing the size of Si from mico-size to nano-size can significantly improve the cycle performance of the Si/C composite anodes. The substitution of graphite CGP-G8 with magE can also improve the reversible capacities of the Si/C composite anodes. At last, three high performance anodes were made by using graphite magE, nano-Si, conductive additive C45, and CMC/SBR. The battery fabrication process is simple and environmentally friendly.
